The cHS4 chromatin insulator has been shown to improve the expression of integrating gene transfer vectors by reducing the impact of silencing chromosomal position effects. To better understand the underlying mechanisms of this protection, we investigated the influence of this element on the epigenetic modifications of a gammaretroviral reporter vector. In HT1080 cells, we found that a fourfold increase in the level of green fluorescent protein (GFP) reporter expression from the cHS4-insulated vector was correlated with a twofold increase in acetylation at lysines 9 and 14 of histone H3, but not with CpG methylation. In a mouse bone marrow transduction and transplantation model, we found that a 10-fold increase in the likelihood of GFP expression from the cHS4-insulated vector was correlated with an eightfold increase in histone H3 acetylation, as well as a fourfold decrease in CpG methylation. Histone hyperacetylation peaked at the cHS4 core, and in vivo diminished nearly threefold through the central portion of the vector. Taken together, these studies demonstrate that the cHS4 chromatin insulator reduces gammaretroviral vector silencing by modulating epigenetic modifications of integrated provirus, and identify a specific topological distribution of these modifications that may prove informative for future vector designs.
Introduction
The ability to stably transfer genes into mammalian cells has proven valuable for both research and clinical applications. However, as reviewed elsewhere, the expression of integrated genes is subject to the influence of surrounding chromatin, a phenomenon known as chromosomal position effects. 1, 2 Silencing of recombinant vectors based on both gammaretroviruses and lentiviruses has been functionally associated with epigenetic changes of the integrated provirus, including modifications of the histone code and methylation of CpG dinucleotides. [3] [4] [5] Several studies have shown that flanking recombinant vectors based on either gammaretroviruses or lentiviruses with the cHS4 chromatin insulator can reduce the rate and severity of vector silencing and position effect variegation. [6] [7] [8] [9] [10] [11] As reviewed elsewhere, 12 this element exhibits several prototypical characteristics of a chromatin insulator: it forms a functional 5 0 boundary to the chicken b-globin locus; 13 it blocks the functional interaction between enhancers and promoters; 14, 15 and it protects the expression of transferred genes from position effects in transgenic Drosophila, mice and rabbits when used to flank the expression cassette. [15] [16] [17] These latter two activities have been mapped to separate sequences within the cHS4 core, and appear to be mediated through distinct mechanistic pathways. 9, 18, 19 The repressor-blocking, or barrier, activity of the native cHS4 element is associated with a peak of histone hyperacetylation and other hallmarks of an 'open' histone code, which in turn is thought to prevent the invasion of trancriptionally repressive heterochromatin from an adjoining region into the chicken b-globin locus. 20 Subsequent studies demonstrated that this activity is associated in part with the binding of a protein complex, including USF1 and other histone modifying enzymes, at specific footprints within the cHS4 core region, 19 as well as sequences adjacent to this core region. 11 Transduction studies further demonstrated that flanking a plasmid reporter construct with the cHS4 element reduced the level of methylation of key CpG dinucleotides in the promoter, although this activity is thought to be a secondary result of the histone hyperacetylation. 21 To better understand the mechanisms underlying the protection afforded by the cHS4 chromatin insulator in the setting of recombinant viral vectors, we directly analyzed the influence of this element on the epigenetic modifications of a gammaretroviral reporter vector following transduction of a human cell line and in a mouse bone marrow transduction and transplantation model. For these studies, we employed a set of reporter vectors diagrammed in Figure 1 , which we have used previously to define the insulating activity of the cHS4 element. 6, 7 To assess the influence of the cHS4 element on the epigenetic modifications of these vectors at the clonal level and without the influence of cellular differentiation, we transduced the human fibrosarcoma cell line HT1080, derived independent clones without selection to provide an unbiased representation of the integration repertoire, and used PCR and Southern blotting to identify four clones for each vector that contained single copies of the vector provirus. As expected, 6 ,7 flow cytometric analysis after more then a month of culture revealed that the insulated vector INS4(+) was expressed at a sixfold higher level on average (6217222 mean fluorescence units (mfu)) than the uninsulated vector MGPN2 (103772 mfu, P ¼ 0.004, t-test). We then performed chromatin immunoprecipitation (ChIP) studies to assess the level of histone H3 acetylated at lysines 9 and 14 (H3K9/14) at key regions of the vector provirus. We focused on this specific histone modification because it is considered a key indicator of an 'open' chromatin histone code, 23 and because it was a primary means of assessing the impact of the cHS4 element on the chromatin surrounding its native locus in the chicken genome. 20 As diagrammed in Figure 1a , the H3K9/14 acetylation levels were found to be elevated an average 1.970.3-fold across the length of the insulated versus uninsulated provirus (P ¼ 0.002, paired t-test), with significant differences observed at all regions tested except the 5 0 long terminal repeat (LTR). The fact that there was only a trend toward increased H3K9/14 acetylation at the 5 0 LTR was surprising given that this includes the promoter for the GFP expression cassette. Linear regression analysis revealed a modest but direct correlation between the level of GFP expression and H3K9/14 acetylation at both the 5 0 LTR (R 2 ¼ 0.59, P ¼ 0.026) and the GFP coding cassette (R 2 ¼ 0.82, Figure 1a) . Surprisingly, we found virtually no evidence of CpG DNA methylation in the 5 0 LTR or GFP coding segments of either the uninsulated or insulated vector provirus, out of nearly 1000 CpG dinucleotides analyzed. It is possible that this lack of methylation is associated with the transformed phenotype of the HT1080 cell line, although others have shown that this cell line is capable of establishing CpG methylation at endogenous loci. 24 Taken together, these studies indicate that the ability of the cHS4 chromatin insulator to reduce gammaretroviral vector silencing in this cell line model is mediated through epigenetic modifications of the proviral histone code, and that vector silencing in this model system is established through mechanisms that are independent of DNA The vectors used for these studies have been previously described. 6, 7 The uninsulated vector MGPN2 has two reporter cassettes: a green fluorescent protein (GFP) gene transcribed from the virus long terminal repeat (LTR) promoter and a neomycin phosphotransferase (Neo) gene transcribed from a phosphoglycerate kinase (Pgk) promoter. The insulated version of this vector, INS4(+), is flanked with 1.2 kb fragments (hatched boxes) containing the cHS4 core element at one end (filled boxes) using the 'double-copy' arrangement as diagrammed. Arrows, promoters; C, Psi packaging signal; U3, U3 enhancer region. The level of acetylated H3K9/14 was assessed at the indicated regions across the length of the vector provirus by chromatin immunoprecipitation (ChIP) analysis, and is reported as the fold increase over an internal control consisting of the cellular gene glyceraldehyde-3-phosphate dehydrogenase. Note that the probes for the 3 0 LTR cover partially different sequences for the uninsulated and insulated vectors. Histograms represent the average7standard deviation for four HT1080 cell clones or four mice each containing either the uninsulated vector (open bars) or the insulated vector (filled bars). *Pp0.05 versus uninsulated control, two-sided t-test. ChIP analysis was performed essentially as described. 22 In brief, HT1080 cells or primary mouse splenocytes were formaldehyde-fixed and lysed, and the DNA was collected and sheared by sonication to an average size of 500-1000 bp. Soluble chromatin was immunoprecipitated with rabbit antibody against histone H3 acetylated at lysines 9 and 14 (Upstate, Charlottesville, VA, USA). The ratio of provirus-specific template before and after precipitation was determined by real-time PCR using the primers listed in Supplementary Table 2 . In each case, the ChIP was performed in triplicate, and the PCR was performed twice (in triplicate), for a total of six replicates per sample.
cHS4 insulator alters provirus epigenetics CL Li and DW Emery methylation. This latter observation is consistent with other reports that gammaretroviral vector silencing can occur in methyltransferase-null mouse embryonic stem cells.
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To determine whether a similar correlation existed between the cHS4-mediated insulation and increased histone acetylation in the setting of primary cells, we employed our previously reported mouse bone marrow transduction and transplantation model. 6, 7 We transplanted four mice each with marrow transduced with either uninsulated or insulated vectors, waited 6-8 months to assure full reconstitution with transduced primitive hematopoietic cells and then compared the frequency of peripheral white blood cells expressing GFP as determined by flow cytometry, to the frequency of cells containing provirus as determined by quantitative PCR and Poisson distribution calculations as described previously. 6, 7 As summarized in Supplementary Table 1 , the insulated vector expressed the GFP cassette 42718% of the time that vector provirus was present, versus a rate of 475% for the uninsulated vector (P ¼ 0.008, t-test). Further, two of four animals transplanted with marrow transduced with the uninsulated vector MGPN2 completely failed to express the GFP cassette. These results are similar to those reported previously for larger sets of animals, 6, 7 and demonstrate both the profound degree of vector silencing in this setting and the ability of the cHS4 insulator to reduce this silencing.
The level of acetylated H3K9/14 at key regions of the vector provirus was again assessed by ChIP analysis using splenocytes from the transplanted animals. As diagrammed in Figure 1b , the acetylation levels were found to be elevated an average 7.778.1-fold across the length of the insulated versus uninsulated provirus (P ¼ 0.018, paired t-test), with significant differences observed at all regions tested except the neomycin phosphotransferase (Neo) coding region. Of interest, the hyperacetylation peaked at the far ends of the integrated provirus nearest the cHS4 elements, and declined an average 2.8-fold through the middle portions of the provirus (Po0.001, t-test), compared to no significant differences noted across the uninsulated provirus. Linear regression analysis revealed a modest but direct correlation between the frequency of GFP expression and the level of H3K9/14 acetylation at both the 5 0 LTR (R 2 ¼ 0.52, P ¼ 0.027) and the GFP coding cassette (R 2 ¼ 0.55, P ¼ 0.031) (Supplementary Figure 1b) . However, it is also important to note that histone hyperacetylation did not necessarily guarantee robust vector expression, as evidenced by one mouse from the insulated vector group (I4) that exhibited a high level of H3K9/14 acetylation but a low frequency of GFP expression.
In contrast to the results obtained in HT1080 cells, bisulfite sequencing revealed a substantial amount of DNA methylation in the provirus present in long-term transplanted mice (Figure 2) . The overall frequency of methylated CpG dinucleotides averaged a significantly higher 17.1% for the uninsulated vector versus 8.1% for the insulated vector (Po0.01, Z-test). As indicated in the bottom of Figure 2 , analysis using the non-parametric Kolmogorov-Smirnov test, 26 indicated statistically significant differences in the regions of the 5 0 LTR, packaging signal, GFP coding segment and phosphoglycerate kinase (Pgk) promoter, while the differences in the regions of the Neo coding segment and 3 0 end of the provirus were not significant. The implications of the comparison at the 3 0 end of the provirus are unclear, since the specific sequences analyzed (including the number CpG dinucleotides and the sequence context) were different due to the location of the cHS4 element in this area of the insulated vector. Taking this caveat into account, it appears that the pattern of DNA methylation mirrors the pattern of histone acetylation across the length of the provirus. Linear regression analysis revealed a modest inverse correlation between the frequency of GFP expression and the level of DNA methylation at the 5 0 LTR (R 2 ¼ 0.60, P ¼ 0.021), and no correlation with the DNA methylation at the GFP coding cassette (R 2 ¼ 0.25, P ¼ 0.21) (Supplementary Figure 1c) . The lack of a correlation for the GFP coding cassette, along with the relative paucity of individual DNA strands containing methylated CpG sites within the 5 0 LTR even for mice exhibiting a high degree of vector silencing, suggests that CpG methylation plays at best a modest role in determining the frequency of vector expression or in mediating the protective effects of the cHS4 insulator in this setting.
Studies of the endogenous cHS4 locus revealed that H3K9/14 hyperacetylation peaks over the DNase I hypersensitive site core and declines precipitously over the distance of about 1 kb. 20 We observed a similar pattern for provirus flanked with the cHS4 element in the mouse bone marrow transduction model (Figure 1b) , but not in transduced HT1080 cells (Figure 1a) . To assess the pattern of H3K9/14 hyperacetylation in the more immediate vicinity of the cHS4 core in these two settings, we performed addition ChIP studies using PCR primers specific for the far 5 0 end (where the DNase I hypersensitive site core is located) and far 3 0 end of the 1.2 kb cHS4 fragment used in the insulated reporter vector. As shown in Supplementary Figure 1d , the levels of H3K9/ 14 hyperacetylation were higher at the cHS4 core than at the distal cHS4 fragment region for all four mice and all four HT1080 cell lines containing the insulated vector. This difference averaged 2.070.5-fold, and was statistically significant (P ¼ 0.014, paired t-test). Thus, it appears that the cHS4 core serves at the primary site of H3K9/14 hyperacetylation in both model systems.
The results presented here indicate that the cHS4 insulator reduces the impact of silencing chromosomal position effects on expression of retroviral vectors primarily through histone modifications. This is the same mechanism by which the cHS4 element is thought to prevent the encroachment of silencing heterochromatin from the adjoining region in the native locus, and is presumably mediated through the same trans-acting factors. 19 The difference in expression levels observed between the uninsulated and insulated vectors in HT1080 cells occurred in the absence of DNA methylation, while the inverse correlation between DNA methylation and increased expression for the insulated vector in the mouse bone marrow transduction model was weak at best. Taken together, these results suggest that DNA methylation plays little or no direct role in gammaretroviral vector silencing, but instead may simply be a secondary consequence of changes at the level of the histone code. This premise is supported by studies of Yao et al., 21 who showed that gammaretroviral vector silencing can occur independently of DNA cHS4 insulator alters provirus epigenetics CL Li and DW Emery methylation in murine embryonic stem cells, as well as other studies demonstrating the dominant role of histone modifications in the silencing of ectopic expression cassettes. 21, 27 The observation that H3K9/14 acetylation peaks over the cHS4 core, and then diminishes over the body of the vector provirus in the setting of transduced mouse bone marrow, has potential implications for the design of retroviral vectors. Specifically, deploying the cHS4 element at the ends of retroviral vectors using the 'double-copy' arrangement may provide a reliable means of blocking the encroachment of silencing heterochromatin, as well as a direct benefit to the promoter and enhancer in the 5 0 LTR by enforcing a constitutively open chromatin structure in the immediate domain. Although expression cassettes located within the body of the vector would still benefit from the barrier activity of the cHS4 elements, any possible direct benefit from the chromatinopening activity of this element would be lost with increased distance from the cHS4 core. Future studies will be needed to directly assess the impact of this pattern of histone hyperacetylation on promoters located P-values were determined by the Kolmogorov-Smirnov test. 26 Bisulfite sequencing was performed essentially as described. 25 Briefly, genomic DNA was digested with EcoRI (which cuts outside of vector provirus), denatured, incubated with 3.3 M sodium bisulfide/0.5 mM hydroquinone at 55 1C for 12 h, and then purified and precipitated. The DNA was then resuspended and amplified by PCR using the primers listed in Supplementary Table 2 . The resulting amplified fragments were cloned and individual clones were sequenced by conventional methods. Abbreviations: GFP, green fluorescent protein; LTR, long terminal repeat; Neo, neomycin phosphotransferase; C, Psi packaging signal; U3, U3 enhancer region; Pgk, phosphoglycerate kinase. cHS4 insulator alters provirus epigenetics CL Li and DW Emery at different locations within the vector, as well as to determine whether this pattern of H3K9/14 acetylation is observed in the setting of other recombinant vector types.
